To examine the independent and combined associations of obesity and muscle strength with mortality in adult men and women. DESIGN: Follow-up study with 33 years of mortality follow-up. SUBJECTS: A total of 3594 men and women aged 50-91 years at baseline with 3043 deaths during the follow-up. MEASUREMENT: Body mass index (BMI) and handgrip strength were measured at baseline. RESULTS: Based on Cox models adjusted for age, sex, education, smoking, alcohol use, physical activity and chronic conditions, baseline obesity (BMIX30 kg m À 2 ) was associated with mortality among participants aged 50-69 years (hazard ratio (HR) 1.14, 95% confidence interval (CI), 1.01-1.28). Among participants aged 70 years and older, overweight and obesity were protective (HR 0.77, 95% CI, 0.66-0.89 and HR 0.76, 95% CI, 0.62-0.92). High handgrip strength was inversely associated with mortality among participants aged 50-69 (HR 0.89, 95% CI, 0.80-1.00) and 70 years and older (HR 0.78, 95% CI, 0.66-0.93). Compared to normal-weight participants with high handgrip strength, the highest mortality risk was observed among obese participants with low handgrip strength (HR 1.23, 95% CI, 1.04-1.46) in the 50-69 age group and among normal-weight participants with low handgrip strength (HR 1.30, 95% CI, 1.09-1.54) among participants aged 70 þ years. In addition, in the old age group, overweight and obese participants with high handgrip strength had significantly lower mortality than normal-weight participants with high handgrip strength (HR 0.79, 95% CI, 95% CI,. CONCLUSION: Both obesity and low handgrip strength, independent of each other, predict the risk of death in adult men and women with additive pattern. The predictive value of obesity varies by age, whereas low muscle strength predicts mortality in all age groups aged450 years and across all BMI categories. When promoting health among older adults, more attention should be paid to physical fitness in addition to body weight and adiposity.
INTRODUCTION
Obesity is one of the great global public health challenges of our times. Excess adiposity is associated with an increased risk for metabolic consequences such as hypertension and dyslipidemia and it contributes to the risk of diabetes mellitus and coronary heart disease 1 as well as mortality. [2] [3] [4] In addition, obesity carries an increased risk of arthritis and reduces functional capacity. 5 Prior studies show that abundant physical activity and good cardiorespiratory fitness can attenuate but not completely eliminate the increased mortality risk associated with class I or II obesity measured with BMI or abdominal obesity. [6] [7] [8] [9] Another aspect of fitness, muscular strength, is also known to be a very strong predictor of survival. [10] [11] [12] The important role of muscle strength for health and functioning has also been emphasized in the latest physical activity guidelines, in which muscle strengthening activities were recommended for all age groups together with aerobic activity. 13 However, little is known about whether good muscle strength attenuates the association between obesity and mortality. Two previous studies examined this question but utilized only data for men. 14, 15 We propose that muscle strength reflects physical condition regardless of obesity or other determinants of excess mortality risk. Therefore, persons at different degrees of overweight should fare better if their physical condition (muscle strength) is better.
To our knowledge, no previous study has investigated the independent and combined associations of obesity/overweight and muscle strength with mortality in men and women and whether these relationships differ across age groups. Thus, the aim of the present study was to examine the main effects of obesity and grip strength and their potential interactions on mortality in a representative sample of Finnish adults enrolled in the Mini-Finland Health Examination Survey with 33 years of mortality follow-up.
MATERIALS AND METHODS

Study population
The Mini-Finland Health Survey was carried out between 1978-1980 in 40 areas of Finland. 16 A stratified two-stage systematic sample (n ¼ 8000) was drawn from the Social Insurance Institution register. 17 The sample represents a Finnish population aged 30 years and older, and the individuals had an equal probability of selection (epsem). A total of 7217 participants (90% of the sample) participated in the survey, which included a health examination. Details of the design and implementation of the Mini-Finland Health Examination Survey have been reported elsewhere. 16, 18 In this analysis, the study population was restricted to those aged 50 years and older for whom we had information on both BMI and handgrip strength as well as key covariates (n ¼ 3622). We excluded persons who were underweight (BMIo18.5; n ¼ 28), resulting in an analytic cohort of 3594 men and women.
Baseline measurements
Body weight was measured by a frequently calibrated lever balance with participants wearing light indoor clothing without shoes. Height was measured without shoes and with the back against a wall. BMI was calculated as weight divided by the square of height (kg m À 2 ) and categorized as normal weight (BMI 18.5-o25 kg m À 2 ), overweight (BMI 25-o30 kg m À 2 ) and obese (BMIX30 kg m À 2 ) as suggested by the National Institutes of Health, NHLBI. 19 Handgrip strength was used as a proxy for overall muscle strength. 20, 21 Maximal handgrip strength was measured using a handheld dynamometer based on strain gauge sensors (Bruel-Kjaer Type 1526; Denmark). 22 The unit of measurement is kilopond (kp) (1 kp equals to the magnitude of the force exerted by 1 kg of mass). The measurement was conducted separately for each hand with the participant seated. The width of the handle was adjusted for the participant's hand size. The best result of the stronger hand was used in the analyses. There was a high correlation between the test and retest results (correlation coefficient ¼ 0.91-0.93, n ¼ 449). 22 In the present study, participants were divided into sex-specific tertiles of handgrip strength within both age group. The cutpoints in the 50-69 age group for men were: 
Mortality follow-up
The mortality of the survey participants was continuously followed up from the baseline examination in 1978-1980 up to 31 December 2011. The personal identification number assigned for every resident in Finland was used to link the Mini-Finland Health Survey Data with the Finnish mortality registry maintained by Statistics Finland. Deaths were recorded based on whether participants died in Finland or abroad. There were 3043 deaths during the follow-up period.
Baseline covariates
Education was based on the total number of completed years of schooling and was dichotomized aso9 andX9 years of education. Smoking behavior was classified as never smokers, ex-smokers and current smokers. Average weekly alcohol consumption (g per week) during the preceding month was calculated and the threshold for heavy alcohol use was defined as280 g per week for men and 140 g per week for women. 23 Leisure time physical activity was assessed with a questionnaire in which participants were asked to indicate their average level of physical activity. Leisure time physical activity was classified as regular exercise activity (e.g., running, biking and gymnastics), occasional physical exercise or lifestyle activity (e.g., gardening, hunting and outdoor recreation) and inactive (e.g., reading and watching television). Standardized clinical examinations were carried out by specially trained physicians who diagnosed chronic conditions on the basis of clinical findings, symptoms, disease histories, laboratory results and related documentation using uniform criteria. 16, 18, 24 For total cholesterol and other biochemical analyses, blood samples were taken at the study site, frozen and transferred to the central laboratory. Chronic conditions taken into account in this study were hypertension (defined as systolic blood pressureX140 mm Hg or diastolic blood pressure X90 mm Hg), total cholesterol, cardiovascular disease (myocardial infarction or stroke), diabetes and cancer.
Statistical analysis
All analyses were stratified by two age groups based on baseline age: 50-69 and 70 years and older. Baseline characteristics are presented as mean (standard deviation, s.d.) values for continuous variables and percentages for categorical variables. Group differences were assessed by Chi-square and t-tests.
Cox proportional hazards models were used to estimate hazard ratios (HR) in multivariate models. Person-years of follow-up for each participant were calculated from the date of the baseline examination to the date of death or end of mortality follow-up for survivors. The first models were adjusted for age, sex, education, smoking status, alcohol use and physical activity. The second models were adjusted for categorical handgrip strength (for models related to BMI) and for categorical BMI (for models related to handgrip strength). Finally, since it has been suggested that factors such as hypertension, cardiovascular diseases and diabetes are in the causal pathway between obesity and mortality, 25 the third models were adjusted for baseline hypertension, total cholesterol, cardiovascular disease, diabetes and cancer. Finally, HRs for all combinations of BMI and handgrip strength were also calculated. Proportional hazards assumption was investigated for all Cox models by testing the interactions with time (log transformed) and the proportional hazards assumption was not violated.
To address the possibility that the relation between BMI and handgrip strength on early mortality may have been confounded by pre-existing disease, we conducted two sensitivity analyses. First, we excluded the first 5 years of follow-up, and second, participants with cardiovascular disease, diabetes and cancer at baseline were excluded from the analysis. In addition, due to the very long follow-up period available in the data, we presented additional analyses stratified by follow-up time (5 to p15 and 15-33 years). These were conducted for both age groups separately (50-69 and X70). Finally, we performed analyses stratified by smoking status (ever vs never smokers) because of concerns that the mortality risk for BMI and handgrip strength may differ by smoking status.
Due to the complex sampling design in the Mini-Finland Health Survey, the design effects were examined and it was found that most of them were around or below 1. 17 As a consequence, for most variables, the results obtained by weighted analysis and by non-weighted model-based analysis were practically the same. Therefore, the results in this study are based on non-weighted model-based analysis. All analyses were performed using the SAS System for Windows, version 9.3 (SAS Institute, Inc., Cary, NC, USA).
RESULTS
During the mean follow-up period of 17.9 years (s.d. 9.7, range 5-33.9 years), 1354 men and 1689 women died resulting in a total of 60 923 person-years of follow-up. Table 1 shows the baseline characteristics of the study population according to baseline age. Participants aged 70 years and older had lower Obesity, strength and mortality S Stenholm et al BMI and lower handgrip strength than participants aged 50-69 years. Older participants also had fewer years of education, they were less often current smokers and heavy alcohol users and were physically more inactive, and they had more chronic conditions compared to younger participants. At baseline, categorized BMI and handgrip strength tertiles were inversely associated among participants aged 50-69 and 70 years and older.
Among participants aged 50-69 years at baseline, obesity (BMIX30 kg m À 2 ) was associated with a significantly higher mortality risk (HR ¼ 1.23, 95% CI, 1.09-1.39) in comparison with normal weight, whereas overweight (BMI 25-29.9 kg m À 2 ) did not exhibit a significant association with mortality (HR 0.98, 95% CI, 0.89-1.08) ( Table 2 , model 1). Adjustment for handgrip strength did not markedly change these associations (Table 2 , model 2). Despite further adjustment for chronic conditions, the association between obesity and mortality in the 50-69 age group remained statistically significant (Table 2 , model 3). Among the older group, overweight (HR ¼ 0.77, 95% CI, 0.66-0.89) and obesity (HR ¼ 0.76, 95% CI, 0.62-0.92) had a significant inverse association with mortality in the fully adjusted models.
Participants in the highest tertile of handgrip strength had a significantly lower risk of death among participants aged 50-69 (HR 0.89, 95% CI, 0.79-0.99) and 70 years and older (HR 0.75, 95% CI, 0.63-0.89) at baseline (Table 3 , model 1). Adjustment for BMI or chronic conditions did not markedly change these associations (Table 3 , model 2 and 3).
In Table 4 we show HRs for each BMI and handgrip strength combination. Normal weight with high handgrip strength was the reference group. Among participants aged 50-69 years at baseline, weaker handgrip strength was associated with higher mortality risk across BMI groups after adjusting for sociodemographic and lifestyle factors (Figure 1a) . The highest mortality risk was among obese participants with low handgrip strength (HR 1.40, 95% CI, 1.18-1.66). Additional adjustment for baseline chronic conditions slightly attenuated the associations, but the excess mortality risk related to low handgrip strength among obese participants remained statistically significant (Table 4 , model 2). Also, among the participants aged 70 years and older at baseline, risk of death increased with decreasing handgrip strength for each BMI category (Figure 1b) . Mortality was significantly higher only among normal-weight participants with low and medium handgrip strength relative to normal-weight participants with high handgrip strength (HR 1.30, 95% CI, 1.09-1.55 and HR 1.22, 95% CI, 1.02-1.45). After adjusting for baseline chronic conditions, overweight and obesity combined with high handgrip strength became significant (HR 0.79, 95% CI, 0.67-0.92 and HR 0.77, 95% CI, 0.63-0.94) and decreased the risk of death.
In order to take into account the potential confounding by pre-existing diseases, we conducted sensitivity analyses in which we excluded the first 5 years of follow-up and alternatively excluded participants with cardiovascular disease, diabetes and cancer at baseline (data not shown). The results were very similar after excluding the first years of follow-up. Excluding participants Obesity, strength and mortality S Stenholm et al with chronic conditions at baseline did not change the results related to BMI in younger participants, but the protective effect of obesity on mortality disappeared among older participants (data not shown). The exclusion of chronic conditions also reduced the association between handgrip strength and mortality in both age groups. All analyses were also repeated by stratifying the follow-up time into early years (0 to p15 years) and later years (15-33 years) (Supplementary Appendix 1) . The results were very similar indicating that the length of follow-up did not affect the observed associations between obesity and low handgrip strength on mortality.
Finally, we also conducted separate analyses showing results by smoking status to take into account potential differences in HRs by smoking status (Supplementary Appendix 2) . The association between obesity and mortality was stronger among ever smokers than never smokers in the 50-69 age group, but it was weaker among ever smokers than never smokers in the X70 age group. The association between low handgrip strength and mortality did not differ between never and ever smokers in the 50-69 age group, but it was weaker among ever smokers than never smokers in the X70 age group.
DISCUSSION
The results of this representative prospective study demonstrate that both obesity and low handgrip strength, independent of each other, predict mortality among participants aged 50-69 years at baseline. However, among participants aged 70 years and older at baseline, obesity was inversely associated with mortality and low handgrip strength positively associated with mortality. After combining the effects of BMI and handgrip strength, low handgrip strength increased the risk of mortality for all BMI categories in younger and older participants. Among participants aged 50-69 years at baseline the mortality risk was highest in obese participants with low handgrip strength, and among participants aged X70 years it was highest in normal-weight participants with low handgrip strength. In addition, in the oldest age group, overweight and obese participants with high handgrip strength had significantly lower mortality than normal-weight participants with high handgrip strength.
Our results regarding obesity and mortality agree with previous studies showing a positive association among middle-aged participants, but an inverse association between obesity and mortality among participants aged 70 years and older. 2, 3, [26] [27] [28] [29] [30] Several explanations for the inverse association between obesity and mortality in older adults have been proposed, including selection bias, pre-existing chronic diseases, weight history, fat redistribution and protective role of extra caloric stores. [30] [31] [32] [33] [34] In this study, we controlled for many chronic diseases at baseline, but they had little effect on the association between BMI and mortality. However, after excluding participants with chronic conditions at baseline the protective effect of obesity on mortality disappeared among older healthy participants. In addition, it has been suggested that information on weight dynamics and obesity duration over the life course might be useful when examining Obesity, strength and mortality S Stenholm et al obesity-related mortality. 35, 36 Unfortunately, we only had a single observation of BMI and other determinants of mortality measured at baseline.
Although the association between low handgrip strength and mortality is well-reported, most previous studies examining the association between handgrip strength and mortality were restricted to older people and had follow-up periods shorter than 10 years. 10, 37, 38 Only two studies from the United States, the Honolulu Heart Program and Baltimore Longitudinal Study on Aging, followed-up middle-aged men for a longer duration, 30 and 40 years, respectively. 12, 14 In the study by Rantanen et al. 14 no age stratification was used, but Metter et al. 12 conducted analyses separately for men agedo60 years and 60 years and older and found that the absolute handgrip strength was associated with mortality only in the older age group. 12 In contrast, we found that low handgrip strength was also a significant predictor of mortality among participants below 70 years.
There are several potential mechanisms linking low muscle strength to mortality. Muscle strength decline is often a consequence of subclinical disease and other negative physiological processes in the body. It has also been shown that elevated pro-inflammatory state, disturbances in hormones and insulin resistance are all associated with muscle strength decline. [39] [40] [41] [42] In this study, adjustment for chronic conditions had very little effect on the association between handgrip strength and mortality. However, exclusion of participants with chronic conditions at baseline reduced the association between handgrip strength and mortality in both age groups, supporting the important role of disease in the pathway towards decreasing muscle strength. In addition, good handgrip strength may be a marker of physical activity, which is associated with lower mortality. 43 Finally, good performance in the handgrip strength test may reflect some general intrinsic life vitality or motivation that tracks over the life course. 44 Handgrip strength as a measure is an easy test often used in large surveys. The results correlate with strength of other muscle groups, and it is therefore a good and widely used indicator of overall strength. 21 In this study, the cutpoints for low handgrip strength were based on sex-specific tertiles in both age group. Those in the lowest tertile in the 50-69 age group had a handgrip strength close to a cutpoint (37 kp in men and 21 kp in women) that is shown to be associated with functional limitations and difficulties in mobility. 45 Participants in the 70 þ group had obviously lower values, and those in the two lowest tertiles fell below this clinical threshold. Handgrip strength is easy to measure in a clinical setting and could be used as a screening tool to identify individuals with low muscle strength and in need for exercise intervention. Several studies have confirmed that exercise, particularly strength training, is the best approach to increase muscle strength even in very old persons. 46 Two previous studies have examined the joint associations of overweight/obesity and muscle strength on mortality, but they were limited to men and selected study populations. Results from The Honolulu Heart Program suggested that having a high handgrip strength can partly counteract the deleterious effect of overweight on mortality.
14 In the Aerobic Center Longitudinal Study, the results were very similar although the outcome was restricted to cancer mortality. 15 Our results based on a nationally representative population were quite similar, suggesting that obesity and handgrip strength have an additive rather than interactive effect on mortality. We observed slightly lower mortality risk with increasing handgrip strength among obese participants, despite the fact that we used obesity instead of overweight as an indicator of excess weight. We did not detect significant interactions between obesity and hand grip strength suggesting that the protective role of high handgrip strength on mortality among obese participants remained in both age groups. The finding that a strong handgrip reflects a better prognosis in the elderly is supportive of the importance of muscle strength, irrespective of age. Finally, although obesity may not be associated with excess mortality among older adults, it can have harmful effects on physical functioning 47, 48 and thus decrease the quality of life of many older adults.
In the oldest age group, normal weight combined with low handgrip strength was associated with excess mortality risk compared to normal-weight and overweight participants with high handgrip strength. With advancing age, despite being in the healthy weight category (BMI 18.5-24.9 kg m À 2 ), many elderly people may suffer from several chronic conditions that influence their weight status. Particularly harmful is unintentional weight loss, which usually indicates underlying diseases and catabolic processes in the body, that may also accelerate muscle loss normally occurring with aging. 49 We attempted to control for this possibility by excluding underweight persons from our analysis. In addition, we repeated the analysis by using less strict lower limit for BMI (BMIX20 kg m À 2 ), but the results did not change. Moreover, in order to take into account the potential confounding by pre-existing diseases we conducted sensitivity analyses in which we excluded the first 5 years of follow-up and alternatively excluded participants with cardiovascular disease, diabetes and cancer at baseline.
Smoking is associated with both a lower BMI, handgrip strength and an increased risk of death and can therefore distort the studied associations. Our smoking status stratified analysis showed that the association between obesity and mortality was stronger among ever smokers in the 50-69 age group, which is in accordance with previous research. 50 On the other hand, in the older age group the association between obesity and low Obesity, strength and mortality S Stenholm et al handgrip strength on mortality was weaker among ever smokers. One explanation for this finding may be that smoking was not very common in this age group (current 10%, former 19%, never 71%) and those ever smokers that were still alive at the beginning of the study may have characteristics that have protected them from early death related to smoking.
The limitations of the current study include potential reverse causality between obesity and muscle strength. Obese people are known to be physically less active, which usually leads to lower muscle strength. There are also several physiological pathways that link excess adiposity to decreased muscle strength, including sub-clinical inflammation and insulin resistance. 39, 40 However, our results show that both obesity and low handgrip strength are associated with mortality independently of each other at ages 50-69. Thus, they both carry unique information that increases the risk of death.
Despite its limitations, our large, long-term follow-up study provides important information on the association of two components of body composition, adiposity and muscle, on mortality. We were able to adjust for several confounding factors and examine the mortality risks across age groups, smoking status and length of follow-up.
In conclusion, we found obesity and low muscle strength to be independent, additive and important risk factors for mortality. The predictive value of obesity varies by age, whereas low muscle strength predicts mortality in all age groups aged 450 years and across all BMI categories. Among participants aged 50-69 years the mortality risk was highest in obese participants with low handgrip strength, and among participants aged X70 years it was highest in normal-weight participants with low handgrip strength. High muscle strength among older participants with excess weight seems to provide the best protection against mortality. When promoting health and functioning among older adults more attention should be paid to physical fitness in addition to body weight and adiposity.
